Ceratocystis fimbriata sensu lato represents a complex of cryptic and commonly plant pathogenic species that are morphologically similar. Species in this complex have been described using morphological characteristics, intersterility tests and phylogenetics.
Introduction
Microsatellites are 1e6 base pair tandem repeats that are abundant throughout eukaryotic and prokaryotic genomes (Tautz & Renz 1984; Field & Wills 1996) . They are ideal molecular markers due to their high levels of polymorphism, they are inherited in a Mendelian manner and easily amplified using PCR (Levinson & Gutman 1987; Tautz 1989) . Consequently, these markers have been used for strain typing, genetic mapping, and population structure studies in many different organisms (Field & Wills 1996; Jarne & Lagoda 1996; Hennequin et al. 2001) . A major obstacle in using microsatellites for such studies is the need for their de novo isolation because hybridisation experiments using repeat-containing probes can be inefficient and difficult to perform (Tautz & Renz 1984; Zane et al. 2002) .
It has recently become possible to search sequence databases and whole genome sequences to estimate microsatellite distribution and abundance (Richard & Dujon 1996; T oth et al. 2000; Demuth et al. 2007 ). This is a powerful tool for the development of informative markers for population studies (Drury et al. 2009 ). Knowledge of the position of microsatellites in the genome allows for unlinked microsatellites to be chosen (Selkoe & Toonen 2006) . Such unlinked loci are essential for studies on populations in order to determine the variation within and between species as these loci are not associated with each other.
Genome-wide searches for microsatellites have been conducted for a number of eukaryotic organisms. These include Arabidopsis thaliana, Drosophila melanogaster, Caenorhabditis elegans, as well as the fungi Saccharomyces cerevisiae, Neurospora crassa, and Fusarium graminearum (T oth et al. 2000; Katti et al. 2001; Lim et al. 2004; Karaoglu et al. 2005) . The general consensus drawn from these studies is that fungal genomes contain fewer microsatellites than other higher eukaryotes. Furthermore, it is clear that every organism displays a unique microsatellite distribution with an abundance of certain types of microsatellite motifs (T oth et al. 2000; Morgante et al. 2002) . Since the initial research on microsatellites in fungi, there has been an increasing interest in the distribution and evolution of microsatellites in the genomes of these organisms (T oth et al. 2000; Lim et al. 2004; Karaoglu et al. 2005) .
In this study, we considered the microsatellite distribution in the fungal plant pathogen Ceratocystis fimbriata. This fungus was first described as the causal agent of sweet potato rot in 1890 (Halsted) . Since then, many fungi have been identified as representing this species and infecting a wide variety of plants of agricultural and economic importance around the world, including coffee (Pontis 1951) , poplar (Gremmen & de Kam 1977) , Acacia species (Morris et al. 1993) , and Eucalyptus species (Roux et al. 2004 (Roux et al. , 2000 . Phylogenetic inference based on DNA sequence data has led to the recognition that C. fimbriata sensu lato represents a complex of cryptic species, some of which might be host-specific (Barnes et al. 2003; Johnson et al. 2005; van Wyk et al. 2009 ). Species in this complex have been named based on studies using DNA sequence comparisons, intersterility tests, and molecular markers Johnson et al. 2005; Van Wyk et al. 2013) .
Microsatellite markers have been useful for population studies of species in the C. fimbriata s.l. complex. They have provided insight into the population structure and origin of Ceratocystis cacaofunesta, Ceratocystis platani, and Ceratocystis pirilliformis (Barnes et al. 2003; Engelbrecht et al. 2007; OcasioMorales et al. 2007; Kamgan Nkuekam et al. 2009 ), which cause diseases on Theobroma cacao, Platanus species, and Eucalyptus trees, respectively. In some cases, microsatellite markers have also been used effectively to differentiate between isolates of Ceratocystis species from different geographical regions and hosts (Barnes et al. 2001) . Most recently, 20 microsatellite markers were developed to differentiate between mango-associated isolates of C. fimbriata s.l. in Brazil (Rizatto et al. 2010) .
Despite the application of microsatellites in a number of studies on Ascomycetes, little is known regarding the genome-wide abundance or distribution of microsatellites in Ceratocystis species, or even other species in the order Microascales, which accommodates Ceratocystis. The aim of this study was, therefore, to use a bioinformatics approach to determine the distribution and abundance of microsatellites in C. fimbriata and to compare the microsatellite structure of the C. fimbriata genome and that of other Ascomycete genomes. In addition, a set of microsatellite markers were developed and tested for their potential to recognise taxa in the C. fimbriata s. l. complex.
Methods and materials
Genome sequence and GC content of Ceratocystis fimbriata DNA was extracted from a single isolate of C. fimbriata (CMW 14799/CBS114723, preserved in the culture collection of the Forestry and Agricultural Biotechnology Institute, University of Pretoria and the Centraalbureau voor Schimmelcultures, Utrecht) and subjected to genome sequencing. This was done using 454 pyrosequencing technology (Roche Diagnostics, Mannheim, Germany) at Inqaba Biotec (Pretoria, South Africa). The resulting reads were assembled into a draft genome using the Newbler version 2.3 genome assembler. To obtain information for the draft genome version, the 'create detailed mapping report' command of the CLC Genomics Workbench package version 5.0.1 (CLC Bio, Aarhus, Denmark) was used. In addition, the sequence statistics function was employed to produce a table of the nucleotide content of each contig. The GC content of the genome was determined from the CLC Genomics Workbench output files and calculated in Microsoft Office Excel 2007 (Microsoft Corp., Redmond, WA, USA).
Microsatellite discovery in the genome
Sequence files of the assembled Ceratocystis fimbriata genome were mined for microsatellite repeats using the online interface of MSatFinder version 2.0 (Thurston & Field 2005) . A regex-directed search engine was used to identify sequences containing perfect microsatellites. This search engine is rapid and searches the sequence only once, but it cannot detect microsatellites of less than three repeats. A perfect microsatellite was defined for the search as a tract consisting of exact copies of the repeat unit, e.g. (CTA) 6 , and one containing no mismatches or interruptions (Chambers & MacAvoy 2000) . The minimum repeat number to detect mononucleotides was set to 12 repeats, while the minimum repeat number to detect di, tri, tetra, penta, and hexanucleotides was set to five. The microsatellites identified in MSatFinder were sorted in Microsoft Office Excel 2007 according to the type of motif and repeat length. The sequence lengths of each motif, the number of each type of motif, and the total repeats per megabase (Mb) of sequence analysed were calculated. In addition, the percentage of each type of microsatellite in the genome was analysed.
Microsatellites in coding regions
De novo prediction of open reading frames (ORFs) was performed using the online interface of AUGUSTUS (Keller et al. 2011) . For this purpose, the annotated genome of Fusarium graminearum was used as the reference genome. The fasta output file containing sequences of the predicted coding genes was then searched for microsatellites and analysed using MSatFinder with the same settings as above.
Comparisons between fungal genomes
Microsatellite content in the Ceratocystis fimbriata genome was compared with that in the genomes of the Ascomycetes Ashbya gossypii, Aspergillus fumigatus, Aspergillus nidulans, Candida albicans, Fusarium graminearum, Magnaporthe grisea, and Neurospora crassa, as well as the Ascomycetous yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe for which whole genome microsatellite analyses have been performed. Genome sizes and estimates of microsatellite abundance in each of the fungal genomes were obtained from the studies of Karaoglu et al. (2005) and Lim et al. (2004) , and the GC contents were obtained from Lim et al. (2004) .
Screening the Ceratocystis fimbriata genome for published microsatellites
Fasta files of the microsatellite sequences for the C. fimbriata s.l. species complex published by Barnes et al. (2001) , Steimel et al. (2004) , and Rizatto et al. (2010) were obtained from GenBank (Accession numbers in Supplementary Table 1) . Using the CLC Genomics Workbench, local basic local alignment search tool (BLAST) searches of the microsatellite sequences against the C. fimbriata genome sequence were performed. Primer sequences for each microsatellite were obtained from the relevant studies (Barnes et al. 2001; Steimel et al. 2004; Rizatto et al. 2010) . The binding sites of the primers were then identified using the primer function in CLC Genomics Workbench. Where a microsatellite could not be identified, a local BLAST search was performed on all the raw reads against the microsatellite sequences.
Contigs from the C. fimbriata genome containing the microsatellite sequences were analysed using the online interface of AUGUSTUS (Keller et al. 2011) . The Fusarium graminearum genome sequence was used as the reference annotated genome to determine where the predicted genes were located. The microsatellite locations were then compared to the putative gene locations to determine their presence within coding regions, introns or noncoding regions. Proteins of the predicted genes that contain microsatellites were subsequently identified by analysing their amino acid sequences using BLASTp searches (Altschul et al. 1990 ).
Comparative analysis of microsatellites in Ceratocystis spp
Ninety isolates representing 26 species in the Ceratocystis fimbriata s.l. complex and one species (Ceratocystis virescens) residing in the Ceratocystis coerulescens complex Supplementary (2006) . Microsatellite motifs, excluding mononucleotides, of five repeats or more were targeted to design the primers. Where a putative microsatellite was less than 50 bp from the either end of the contig, it was not analysed further. Using Primer3 (Rozen & Skaletsky 2000) , primers were designed for 40 microsatellite loci. These primers were then tested on the genome sequence in CLC Genomics Workbench to determine whether they would result in the amplification of a single fragment. Primers for 36 microsatellite loci (Supplementary Table 3) were synthesized at Inqaba Biotec and then tested on four isolates representing different species in the C. fimbriata s.l. complex, including Ceratocystis cacaofunesta (CMW 26375), Ceratocystis manginecans (CMW 13851), Ceratocystis platani (CMW 1896), and Ceratocystis polyconidia (CMW 23818).
The PCR reactions were prepared using 20e50 ng of DNA in a 25 ml reaction containing one unit of MyTaq polymerase (Bioline Ltd., London, United Kingdom), 5Â reaction buffer (consisting of 5 mM dNTPs and 15 mM MgCl 2 ), and 10 mM of each primer. These reactions were performed on an Eppendorf thermocycler (Eppendorf, Hamburg, Germany). The first denaturation step was carried out at 95 C for 1 min, followed by 35 cycles of 95 C for 15 s, 50 C for 15 s, and 72 C for 10 s, with a final elongation step of 72 C for 7 min. The PCR products were then visualised on a 2 % (v/w) agarose gel under UV light. The PCR products were purified with the DNA Clean and Concentratorä Kit (Zymo Research Corporation, California, USA). Sequencing was performed in 10 ml reactions using either the forward or reverse primers for each microsatellite and a Big Dye cycle sequencing Kit v 3.1 (PerkineElmer, Warrington, UK) following the manufacturer's instructions. Sequencing PCR reactions were purified using the ZR DNA Sequencing Clean-Upä Kit (Zymo Research Corporation, California, USA). An ABI PRISM 3300 Genetic Analyser was used to generate the sequences and the chromatograms that were produced were analysed using the computer programme BioEdit (Hall 1999) . The sequences were aligned using MAFFT (Katoh & Toh 2008) .
Ten microsatellite loci that showed polymorphisms between the four species were selected for screening using Genescan (Applied Biosystems, California, USA; Supplementary Table 3 ). The forward primer of each pair was resynthesized and fluorescently labelled with PET, 6-FAM, NED or VIC (Applied Biosystems, California, USA). PCR was then performed as above to amplify fragments in all isolates used in this study (Supplementary Table 2 ) but with annealing temperatures ranging from 42 C to 50 C and a final elongation step of 45 min. Four of the PCR products were then combined, each to a dilution of 1:100, according to their amplicon size and the type of fluorescent dye utilised. One microlitre of the mix was combined with 0.18 mL Genescan-600 Liz internal size standard (Applied Biosystems, California, USA) and 10 mL formamide. These mixes were then separated on a 36 cm capillary with POPä polymer on an ABI PRISM 3100 Genetic Analyser. The Peak Scanner Software v1.0 (Applied Biosystems, California, USA) was used to analyse the fragment sizes.
Results

Genome sequence and GC content of Ceratocystis fimbriata
Full genome sequencing of C. fimbriata isolate CMW 14799 resulted in w2.5 million reads with an average read length of 248 bases, which was assembled into 3668 contigs (GenBank Accession number APWK01000000). The draft genome sequence that was produced had an estimated size of w29.5 MB (as calculated by summation of all the contig sizes), a 20Â average coverage, and an N50 contig size of 42 879 bases. The estimated GC content for the contigs of this fungus was 48.10 %. This GC content is almost equal to that of Fusarium graminearum (48.3 %) and is 2.2 % less than Aspergillus nidulans, 3.5 % less than Magnaporthe grisea, and 1.8 % less than Neurospora crassa. Ceratocystis fimbriata had a GC content that is higher than Saccharomyces cerevisiae and Schizosaccharomyces pombe by 10.4 % and 12.1 %, respectively.
Abundance and characteristics of microsatellites
A total of 6737 perfect microsatellites were identified from the genome of Ceratocystis fimbriata using MSatFinder. The microsatellite density was estimated at one microsatellite for every 4.4 kilobase (Kb). The microsatellites were distributed among the six classes of microsatellites (Table 1 ). All types of mono, di, and trinucleotide motifs were present, but only some tetra, penta, and hexanucleotide motifs were found. For example, (CAACAT) n was not present in the genome. The trinucleotides (CAT) 5 and (CAC) 5 that have been used as DNA fingerprinting probes for a number of fungi, including species of Ceratocystis (DeScenzo & Harrington 1994; Harrington et al. 1998) , were found in the C. fimbriata genome, four and eight times respectively. AUGUSTUS predicted 8809 ORFs from the assembled contigs of C. fimbriata. From these, MSatFinder identified 739 microsatellites contained in the exons of the genes. The majority of microsatellites were trinucleotides, followed by dinucleotides and hexanucleotides (Table 2 ). Few mononucleotides were identified in the coding regions and these mainly consisted of C n , which was found 15 times. The two most abundant trinucleotide motifs, (CAG) n and (CAA) n , code for the amino acid glutamine while the third most abundant trinucleotide (GCA) n codes for alanine (Supplementary Table 4 ). The most abundant hexanucleotides (CAGGCT) n , (CAGGCA) n , and (GCTCAA) n code for glutamine/alanine tracts and (CAG-CAA) n encodes glutamine. Other trinucleotide microsatellites that were fairly abundant in the genome encode for lysine, serine, and threonine.
Comparisons among fungal genomes
The genome size and GC content of the contig sequences of Ceratocystis fimbriata were similar to that in other Ascomycetes for which whole genome microsatellite analyses have been performed (Table 3 ). The most abundant microsatellites among the Ascomycetes compared in this study were mononucleotides followed by di, tri, tetra, penta, and hexanucleotides (Table 4) . Analysis of microsatellite lengths revealed that the longest microsatellites in C. fimbriata are, in most cases, shorter than those reported for some of the other Ascomycetes but are similar in length to Aspergillus nidulans (Table 5) .
Mapping published microsatellites onto the Ceratocystis fimbriata genome
Thirty-four of the 47 published microsatellites developed for Ceratocystis species could be placed onto the C. fimbriata genome (Supplementary Table 1 ) and most of these were present on different contigs. Ten of these microsatellites were present in putative gene regions (Supplementary Table 5 ), however, some had a low coverage and/or a high E-value. The full sequences of four microsatellites (CfCAA80, CfCAG15, Cfim16, and Cfim18) could not be determined in the genome because they were located at the ends of the contigs. The presence and locations of nine microsatellite sequences could not be determined in the C. fimbriata genome. Six microsatellites (Cfim01, Cfim02, Cfim05, Cfim08, Cfim13, and Cfim14) had similar motifs, i.e. the motif (AC) 14 was present in three of the microsatellites and the rest consisted of various (AC) n or (TG) n repeats, as well as similar flanking regions. These six similar microsatellite sequences all aligned to the same position in the C. fimbriata genome. The other three microsatellites (Cfim03, Cfim06, and Cfim07), with (AC) n motifs, also aligned to the same position although their flanking regions were not as similar as the other microsatellites. Analyses of the raw reads failed to resolve these microsatellites further because there was little or no coverage of the flanking regions, and the raw reads that did cover parts of the microsatellite sequence had low quality scores. Microsatellites CF17/18 and CF23/24, with (CA) 15 and (TG) 15 motifs respectively, aligned well to the same position in the C. fimbriata genome. Both their primers had 100 % similarity within this region. These two microsatellite sequences appeared to be the same sequence as they aligned well to one another once one sequence was reverse complemented. Another two microsatellites, Cfim09 and Cfim17, had the same motif (AC) 9 , and aligned well to one another except for the end flanking regions of the sequences. They both aligned to the same position in the C. fimbriata genome. However, the alignment of Cfim17 to the contig was better than that of Cfim09. Only the reverse primers had some similarity to this region. Locations of all these microsatellites could not be determined further, even after analysing the raw reads.
Comparative analysis of microsatellites in Ceratocystis spp
Thirty-six microsatellites within gene regions (Supplementary Table 6 ) were chosen as markers. Coding regions are expected to share some similarity between species, such that the markers could be used on more than one species (Metzgar et al. 2000) . Most of the putative microsatellites chosen were trinucleotides, with some dinucleotides, tetranucleotides, hexanucleotides, and one octanucleotide.
After amplification of the 36 microsatellites, one primer pair (CF_GTT6) was discarded because it produced two fragments in all the isolates tested. The remainder of the microsatellite primers produced single amplicons. Nine microsatellites showed no polymorphisms in any of the isolates tested. The rest had at least two alleles with six showing different alleles in four species, including Ceratocystis fimbriata. Most of the loci present on the same contigs had different allele complements between the four different species tested but some loci were monomorphic. Single nucleotide polymorphisms (SNPs) were identified at nine loci, some of which disrupted the microsatellite motifs, but in essence retained the same repeat number. From the 26 polymorphic microsatellites, ten loci were chosen for further analysis using Genescan; one contained an SNP (CF_CAGAAG5) but still showed differences in the microsatellite repeat number.
The ten polymorphic primers were tested on isolates representing different species in the C. fimbriata s.l. species complex and an outgroup species, Ceratocystis virescens (Table 6 ). Some primer pairs failed to amplify loci in all the isolates representing a species and these were considered to be null alleles. The ten polymorphic markers produced a total of 141 alleles with a size range of 123 bpe360 bp. The smallest number of alleles per locus was eight (CF_CAAG5) and the largest was 20 (CF_GCT11). The locus with the lowest allele diversity is found in the microsatellite designed within an intron of a putative gene.
Discussion
Microsatellite analysis
Microsatellites have been characterised in various Ascomycete fungi (Lim et al. 2004; Karaoglu et al. 2005; Li et al. 2009) but this is the first study in which these repeat units have been characterised across the genome of a member of the Microascales and more specifically in Ceratocystis fimbriata. Ceratocystis fimbriata was chosen for this study because it is (continued on next page) the type species of the genus Ceratocystis and it is one of a complex of important plant pathogens of forestry and agricultural crops worldwide (Kile 1993; ). Results of the analyses are consistent with those of previous studies that have shown that microsatellites are less abundant in fungi and that genome size does not correlate with microsatellite density (T oth et al. 2000; Lim et al. 2004; Karaoglu et al. 2005) . Generally, fungi contain fewer and shorter microsatellites than other eukaryotes, and in this regard C. fimbriata was no exception (T oth et al. 2000; Lim et al. 2004; Karaoglu et al. 2005; Li et al. 2009 ). The genome of this fungus is almost the same size as Aspergillus fumigatus (29.4 Mb) but larger than that of the yeasts Saccharomyces cerevisiae (14.2 Mb) and Schizosaccharomyces pombe (12.1 Mb) for which whole genome microsatellite analyses have been done (Lim et al. 2004; Karaoglu et al. 2005) . The lengths of the longest microsatellites in C. fimbriata are mostly shorter than the longest microsatellites in other Ascomycetes (Lim et al. 2004; Karaoglu et al. 2005) . This suggests that the microsatellites in C. fimbriata could be imperfect and passing through the death phase (i.e. the microsatellite sequence is decaying). The resulting microsatellites are therefore, separated into shorter perfect tracts and unique sequences through the accumulation of mutations (Ellegren 2000) . Alternatively, the shorter microsatellite lengths could be the result of evolutionary constraints, such as genome size or the sequences adjacent to the microsatellite that prevent the formation of long tracts of microsatellites.
We found that the C. fimbriata genome had a medium microsatellite density compared to that in other fungi (T oth et al. 2000; Lim et al. 2004; Karaoglu et al. 2005) . It has been suggested that differences in genome organisation and efficiency of the mismatch repair machinery could contribute to variation in microsatellite density among fungi (T oth et al. 2000; Karaoglu et al. 2005) . In addition to these factors, GC content can also affect microsatellite density (Lim et al. 2004) . Lim et al. (2004) showed that fungal genomes with more abundant microsatellites have a lower GC content, whereas those with a 50 % GC content had a more equal distribution of microsatellites. This is clearly seen with the yeasts, S. cerevisiae and Sch. pombe, which have a low GC content and a high microsatellite density (Lim et al. 2004; Karaoglu et al. 2005) . Results of the present study revealed approximately 50 % GC content for C. fimbriata with a medium microsatellite density, which is not without precedence, as this has also been observed in Neurospora crassa (Lim et al. 2004) .
Ceratocystis fimbriata and A. fumigatus have similar genome sizes and GC content, however, their microsatellite densities differ greatly, with the former species having a medium density and the latter a very high density of microsatellites. The density of microsatellites in Ashbya gossypii and Candida albicans is also very high (Lim et al. 2004 ). This can be attributed to the different software and constraints used to identify microsatellites (Merkel & Gemmell 2008) . Lim et al. (2004) searched for microsatellites with at least five repeats for all classes while Karaoglu et al. (2005) identified microsatellites in all classes that were 10 bp or more. In the present study, mononucleotides of 12 or more repeats and at least five repeats of diehexanucleotides were identified. The results of Lim et al. (2004) are biased towards mononucleotides and thus reflect a much higher overall density, making it difficult to provide a detailed comparison between studies. Several studies, including this one, have shown that patterns of microsatellite distribution are similar among fungi (Harr et al. 2002; Lim et al. 2004; Karaoglu et al. 2005) . However, there are differences with regards to the most abundant motifs within each microsatellite class that makes each organism unique (T oth et al. 2000; Lim et al. 2004; Karaoglu et al. 2005) . In the C. fimbriata genome, trinucleotides represent the third most abundant class of microsatellites overall and the most abundant class within coding regions. Trinucleotides, along with hexanucleotides, encode amino acids such as glutamine and asparagine that are commonly found in fungi and other eukaryotes (T oth et al. 2000; Li et al. 2009 ). The abundance of these particular triplet repeats in coding regions is thought to be linked to selection acting on the amino acid repeats in proteins (Alb a et al. 1999) .
Tri and hexanucleotides are expected to be the most abundant microsatellites in coding regions because they would not change the reading frame and consequently the amino acid sequence of the resulting protein (Metzgar et al. 2000) . Similarly, other motifs with total lengths being multiples of three are also expected to be present (Metzgar et al. 2000; Gibbons & Rokas 2009 ). It was, therefore, surprising that the longest mononucleotide (C 14 ) was found four times and had a length of 14 bases, which is not a multiple of three. This particular motif is likely tolerated in the predicted coding regions as it could have particular properties required by the resulting proteins. However, because this is only an in silico predicted coding region, it is possible that it does not form part of a gene. Most of the microsatellites (81 %) in coding regions had lengths that are a multiple of three, which correlates well with the fact that the trinucleotides are the most abundant microsatellite class in coding regions However, the second most abundant class, dinucleotides, found in coding regions did not occur in copy numbers totalling a length that is a multiple of three. An increase or decrease in the number of repeats for these microsatellites may not be tolerated because changes in the resulting protein could adversely affect the growth and development of the fungus.
Mapping the published microsatellites onto the Ceratocystis fimbriata genome
The C. fimbriata genome did not contain all of the microsatellites published for Ceratocystis species. The fact that these microsatellite regions were not identified in C. fimbriata possibly reflects the variability of these markers between species. The ten published microsatellites (Barnes et al. 2001; Steimel et al. 2004; Rizatto et al. 2010) , which have now been identified as being within putative gene regions, are probably not ideal for studies on populations or genetic mapping. This is because neutral markers are required for such studies and these are thus normally present in noncoding regions (Selkoe & Toonen 2006) .
Primers developed for microsatellites in noncoding regions are not likely to be transferable to related species because these regions are not under selection and are thus more variable (Barbar a et al. 2007 ). This has been seen in population studies where some of the microsatellites developed for one species are monomorphic or the primers do not function in another species within the C. fimbriata s.l. complex (Barnes et al. 2005; Engelbrecht et al. 2007 Engelbrecht et al. , 2004 OcasioMorales et al. 2007; Kamgan Nkuekam et al. 2009; Ferreira et al. 2010) . For example, microsatellite primers developed for C. fimbriata were not all transferable to Ceratocystis albifundus and Ceratocystis pirilliformis (Barnes et al. 2005; Kamgan Nkuekam et al. 2009 ).
Microsatellites CF17/18 and CF23/24 shared the same motif (although in the reverse complement), flanking regions and aligned to the same position in the C. fimbriata genome. Using these two markers together is, therefore, not recommended because they would result in the same data. The other microsatellite markers that are similar to each other were all developed by Rizatto et al. (2010) . These 13 microsatellite markers are problematic as they have similar, if not the same, motifs (AC, CA or TG) and flanking regions, and align to the same position in the C. fimbriata genome. Results of the analyses in the present study and the fact that other microsatellites are available, lead us to conclude that the latter markers should not be used for all species in the C. fimbriata s.l. complex.
Comparative analysis of microsatellites in Ceratocystis spp
The 25 polymorphic microsatellites identified in this study consisted mostly of trinucleotides but also included dinucleotides, hexanucleotides, a tetranucleotide, and an octanucleotide. One dinucleotide and the tetranucleotide were present within introns while the rest were found in coding regions. The tri and hexanucleotides showed the most polymorphisms, probably because they are triplet repeats and the loss or gain of a repeat unit would not disrupt the reading frame (Metzgar et al. 2000) . Also, constraints might not be placed on the number of repeated amino acids in a homopolymer tract because the protein function may not necessarily be influenced by a change in repeat number.
The ten microsatellite markers developed in this study were used to differentiate between a number of species in the Ceratocystis fimbriata s. l. complex. These markers can thus be used for interspecies comparisons. Those species in the complex that are phylogenetically most closely related, showed more consistent allele sizes for all the loci. Some species showed different patterns of amplification and allele sizes at some loci, which might indicate diversity within the species and could thus be used for interspecies comparisons (Supplementary  Table 7 ). However, additional data would be required to use these markers with confidence due to the fact that only one or two isolates were tested for some species and mixed results were obtained for others. It is likely that there have been mutations at the microsatellite loci whereby the microsatellites themselves or primer binding sites have changed, or even where sections of the microsatellite regions have been removed. This could occur, not only between species (which would explain the fact that microsatellite markers are not always transferable across species) but also within species.
Markers other than microsatellites, for example SNPs, also show polymorphisms and can differentiate between species. Some of the microsatellites tested in this study showed SNPs not only in the flanking regions but also in the microsatellite motifs themselves. SNPs present in the microsatellite motifs disrupt the microsatellite but the overall length of the microsatellite is maintained and would be indistinguishable if only fragment sizes are analysed. These SNPs provide additional tools to differentiate between species in the C. fimbriata s.l. complex if they are found to be present in all isolates of a single species. Further analysis will be needed to verify that the SNPs identified are present within more than one isolate of each species.
Conclusions
The microsatellite content in the 28 Mb genome of Ceratocystis fimbriata is typical for eukaryotes. However, the distribution and abundance of microsatellites was unique among the fungal genomes that have been studied previously (Lim et al. 2004; Karaoglu et al. 2005) . Generally, C. fimbriata has shorter microsatellites than other Ascomycetes, which could be attributed to its smaller genome size. The smaller genome size along with a medium microsatellite density was not surprising because previous studies have shown that genome size and microsatellite density are not always correlated (Lim et al. 2004; Karaoglu et al. 2005) .
More than 6000 microsatellites were identified in C. fimbriata and these were found in both the coding and noncoding regions. Microsatellite markers have already been successfully used for studies on populations of species in the C. fimbriata complex (Barnes et al. 2001; Engelbrecht et al. 2007 ). The ten microsatellite markers developed in this study could differentiate between 12 species in the C. fimbriata s.l. complex. However, additional research is required in order to differentiate between all the species in the complex with confidence. These ten microsatellite markers, along with the many identified from the C. fimbriata genome, could be used in future studies for more robust population genetic studies and for species differentiation.
